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NATIONAL ADVISORY COMMITTEE FOR AEBROFAUTICS

TECHENICAL MEMORANDUM NO. 1094

INVESTIGATION OF THE BEHAVIOR OF
THIN-WALLED PANELS WITH CUTOUTS?

By A. A, Podoroszhny

The present péper deals vith the computation and methods

of reinforcement of stiffened panels with cutouts under bend-
ing loads such as are applied to the sldes of a fuselage. A
comparison is made between the computed and tast results. Re-
aults also are presented of tests on panels with cutouts under
teneile and ‘compressive lcads.

sp

NOTATION
height of beam (fig. 5)
thickness of skin
angle of inclination of waves of buckled beam to spars
tansile stress
compregelve stress
tetio of stresses 03/01
length of beam
spacing of transverse stiffeners (rids)
spacing of longitudinal stiffeners (stringers)

cross-gectlonal areas of top mnd bottom spars

1Report No. 454 of the Oentral Aero~Hydrodynamical

Inastitute, Moscow, 1939,
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I.t oross—-gectional area of stringers
i;i grogse~sectional area of intermediate ribs

¥.o cross-sectional area of outermost ribs

P= Q external force
tangentlial stress in skin

Ter oritical tangential stress in skin at loss of equilibrium
STATEMENT OF FROBLEM

The presence of cutoute in the fuselage brings about a
redlistributlion of the forces in 1ts elements and a lowerling
in the dover-all strength of the structure. A method is re-
quired therefore for strengthening the beam in such a manner
that the effect of the cutouts may largely be eliminated.
This problem as yet has bsen touched upon only slightly in
the literature by investigators.

Belyakcv (reference 1) in his paper considers cutouts of
1s0lated sections and determinee for these the centers of
etiffness. As has been shown by experiment (fig. 1), the ac-
tual centers of stiffness of structures (fuselages) differ
considerably from those computed. Thie is due to the fact
that 1n determining the centere of stiffness of 1isolated
cross sections no acccunt is taken of (1) the effect of the
neighboring closed sections on the open ones, (2) the effect
of the cutout framing, and (3) the effect of the Jjoint be-
twveen fuselage and wing.

In the experimental work of M, I. Naiman (reference 3)
the effect of cutouts and of the flanges around the cutout in
2 thin wall after loss of egquilibrium is investigated. As
may be seen from figure 2, the cutout flange lowers the stress
concentration by about 16 percent. The flanging thus substi-
tutes to a certaln extent a stiffener frame around the cutout.

In the text book of Timoshenko and Lessels (reference 3)
on applied structural theory, a computation formula 1s given
for determining the maximum normal stresses in a thin-walled
beam with cutouts for bending under a concentrated force.
This formula shows that even a slotlike cutout produces an
effect, the maximum normal stress being increased.
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In a paper by M. I. Naiman (reference 4) an investigation
is mads of rectangular beams with cutouts under a bending mo-
ment and the following conclusions are reached: If the beam
is loaded in bernding by a force at one end and the cutout 1s
located along the depth of the beam at a distance not less
then 3 to 4 times 1ts dlameters, the maximum normal tenslle
and compressive stresses will be of the same magnitude as in
the case of a beam without cutouts.

Apg follows from a test oconducted on thin~walled duralumin
beams with various cutouts (fige. 3 and 4), the Timoshenko-
Lessels formula corresponde to real conditions. The conclu-
sion of Naiman, however, 1es valid only for the case of pure
bending. From the curves of figure 4, it 1s seen that the
presence of cutouts located at a distance of four timee 1te
dlametere from the edge produced, according to experiment, an
increase in the maximum normel bending strees of 30 percent
and msccording to the Timnochenko-Lessels formula, of 43 percsent
as compared to the maximum normal stress cbtalned by Nalman
for the beam wlithout ocutoute. The circles in figure 3 indi-
cate the locatlon of the tenslometers while the straight lines
through the circles indicate the gage 1lengths of the deforma-
tlons. The positive numbers on the figure correasvond to the
normel tenslle streseses and the negative numbers to the normal
compressive stresses.

OOMPUTATION OF THIN-WALLED BEAMS REIINFPORCED BY A SYSTEM OF

LONGITUDINAL AND TRANSVERSE STIFFENERS

In this section a computation will be made of thin-walled
beams without cutouts loaded by a concentrated force at the
end. The ribs are assumed to be hinge-jointed to the spars.
Actually there 1s a certain effect of the stiffness of the
Joi:ts (frame rigidity) shown by experiment to be about 4 per-
cent.

To determine the tensile and compressive stresses in the
skin after loss of equilibrium, the following formulas (ref-
erence 5) will be used:

1 2T 2T - Tor
1 + X sin 3a — “sin 3x

(1)

0'1-
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k aT T&E__ (2)

93 = l +Xk ein 2a.= gin 3a

where
-2 tensile strength
1~ compressive stress

The character of the stresses O3 and 03 18 indicated on
figure 5.

The coefficlilent k¥ is determined by the formula

1 Tex

k= d (3)
8T = Top

The tangential stresses T are determined by the formula

T = %%EQ%; (4)
ef
where
Q shearing force
Sef effectlve statical moment
8 thicknees of skin
Iaf effective moment of inertia of the cross section

By the term "effective" is indicated that in computing 8 _,
and Ief not the entire skin but only a part was taken fn
the computation. The cross-sectional ares sf such strips in
the reglon under compreselon 1e taken equal to 306" (5

is the thickness of the ekin) and in the region under temnsion
85 percent of the cross~sectional area of the skin.

The critical tangential stress T ,. enrresponding to

the equilibrium breakdown of the skin may be determined by
the formula



NACA TM No. 1094 5

T oop = 34.300(110 + 12 %) (5)

where
B=1i/h and 1 1s the long side.

Up to the instant when the skin of the beam has lost 1its
equilibrium, the rive receive no load from the tangential
stresses; the spars and stringers are loaded by the normal
etresseg due to the bending moment. After the loss of equl-
librium, however, the ribs are lcaded by the skin with com-
pregsive forces and the spares and stringers are loaded by
axial forcee 1ln additicn %0 the normal stressses dus to the .
bending moment. These forces, taken up by the rids, spars,
and stringers, result from a stress in the skin equal only to
the difference between the tengile and conpressive stresses,
that 1is,

2(T = Tgp)
gin 3a

where o,y represents the difference between the tensile and
compresslve stresses O; =&and ¢z shown in figure 5.

If the stiffness of the stringers to bending in the plane
of the ekin 1s small, the stressee in the skin of the neigh-
boring panels will somewhat equalize. The resultant stresses
in the spars, stringers, and ribs of a multipaneled beam are
determined by the formulas:

Stress in the top spar!?

U‘ 't - y - (.7)
P lIet v Fup
Stress in the bottom spar:
M .|
Oe¢pp™® =~ 7 Vn ~ 7 (8)

Ief sp
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The a

where

’st
1

F11

Stresses in the

. ——— -

xial foroges X

L P

stringers:

. X - *§
Ogt #t — § - —— (9)
Tet Fat

and N, are determined by the formulas

T =- 'Tor

N = hs o;t a (7t)

= (T - Top)h8 cot o (9')

The stress in the intermediate ribs:

(T =~ Torp)is

Opy = tan o (10a)

F,

The stress in the outermost ribdbs:

Opo = (T = T4p) (EééE-- tan a + %;f) (10)

cross~esectlional
crosse~gectlional
orogss~sectional
crosas~sectional

bending moment

area of the spar + 16558
area of stringer + 3082
area of an intermediate rid + 3082

area of an end rid + 1582

effective moment of inertia of a cross sectlon

and y, distance fronm neutral axis of beam to element
under oconsideration (tensile and compressive sones)

distance from neutral axis of beam to stringer under
consideration

ordinate shown in figure b
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In the case of a beam conatructed of various materials
1t 1s necessary in formulas (7), (8), (9), and (10) to take
account of the differences in the moduli. A numerical exam-
ple for such a beam i1s given below.

COMPUTATION OF THIN-WALLED BEAN WITH CUTOUT

In this section thin~walled beams with cutouts will be
computed. OComputation formulas will be derived with the aid
of which it will be possible to determine the stresses and
select stlffener members for framing the contour of the cut-
out.

The presence of a cutout decreases the shear croass-
sectional area of the beam by the amount F = sb. (See fig.
6.) As a result, the tangential streeses in a section with
cutout increase in magnitude. Use will be made of the nota-
tion

Q' = Ths (11)

where

T tangentlial stress in eection without cutout
b depth of cutout

8§ thlokness of skin

The dimensions of the framing etrip are determined dy the
conditions:

Q! = DT = DdDlsty!?

whence

DT 8

where
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8 and 8' thicknesses of initial skin and stiffening strip,
. Tespectively

T and T' tangential stresses in initial skin before forma-
tion of a cutout and in stiffening strip, re-
spectively

P and b' depth of cutout and width of stiffening strip,
respectively

Formula (12) may be expressed in terms of the normal
stresses in the following form:

b8d,
3! =

(13)
'blo-l .

wvhere @, and ©O' are the respective tensile stresses in the
initial skin and in the stiffenirg strip.

The distributed loads acting on the stiffeners bordering
the cutouts (fig. 6) are determined by the following formulas:

qp = (T = T p) 8™t @ (14)
gt = (T - T,p) & tan a (15)
t= 835p 8 8in a cos a = (T - T, ) 8 (16)

In computing the horizontal stiffeners (parallel to the
stringers), they may be assumed as beams with clamped ends in
the oase where they are extended to the following ribs. (See
fig. 8.) 1In thigs case, the normal stresses for the center of
the cutout span (a/2) of the stiffener frame section is deter-
nined by the formula :

3
o gt ereem———— & tan @
a1l 241, yo= 241, (17a)

Similarly, the stresses in the vertical stiffener sections
(parallel to the ribs) for the center of the cutout (b/2)
are determined
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3 - A
op, = * b ;oL T Tor) ® 8x 4 o (18«)
24 I, 24 I

In formulas (17) and (18) the values y and x are tak-
en from the corresponding neutral axes. .

Moreover, the cutout stiffenere are acted upon by the
tangential loads t (formula(l6)), which may be determimed
by the formulas: T

ta (r -1,..) a8
Og. = + er (17p)
2 3F1ef B¥jer
11 T -Ter
Op, = % —= b8 (181b)
1Py 2B ¢

The distributed load gqy (fig, 5) will produce a tensile
stress on the cutout stiffeners parallel to the stringers, the
etresses being computed by the formula:

qQrd T-Tar
gl = + = b8 cot a (17c)
3Fer AF3er

The tensile stresses in the cutout . stiffeners parallel to
the ribe are computed by the analogous formula:

Qg B T-‘Tcr
cp = = a8 tan a (18¢)
3¥5e¢ 3Faer

Thus the resultant stressees 1n the cutout stiffeners
parallel to the stringers are determined by the formula3

ST LT ad
Og = ————23[:t 78 tan @ * a8 + Ll cot a] (17)
121, Tier Taior

and for thc stiffeners parallel to the ribs
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a

T~ T b .xs b8 a8

oy = °r[t cot a ¥ + tan a] (18)
2 1315 Faef Faer

In the case where the cutcut stiffeners are stringeras at the
same time, an additional computation must be made for the
streeses due to the bending moment.

CONSTRUCTION OF TEST SPECIMENS AND METHOD OF TESTING

With the object of checking the computation formulas by
experiment, varlous specimens were constructed and tseted.

A, Construction of S8pecimens

concentrated force.- Beam No. 1 (fig. 7) bhad no ocutouts an
conslsted of skin, stringers, ribs, and spars. The skln was

1 millimeter thick and the intermediate ribes (fig. 1lla) were
of duralumin DZ; +the stringers were of pressed superduralu-
min (fig. 11b). The outermost ribe (fig. llc) and the spars
(fig. 11d) were of chromu-molybdenum. The ekin was attached
to the spars by means of duralumin angles at both sides. The
over-all dimensions of the beam were 1340 by 1610 millinmeters;
the distance between stringers was 150 mlllimeters and between
ribs 540 millimeters.

Beam No. 2 had three window cutouts (fig. 8). The spars,
ribs, and stringers were the same as for beam No. 1. The
thickness of the skin strip in the region of the cutoute was
increased, however, to 1.5 millimeters. One cutout, of rect-
angular shape, was stiffened by a duralumin frame of U=section
(fig. lle). The oval-ghape cutout wes stiffened dy a frame
of the same cross section. The etringers and the ribs served
as the frame of the third cutout of rectangular shape.

Beam No. 3 (figs.9 and 9a) had two window cutouts and
differed from beam No. 2 in that the area of the orogs section
of the frame (fig. 11f) arocund the oval cutout was increased
to double that of the oval frame of beam No. 2. The Jolnts of
the curved members of the frame with the straight members were
improved. Moreover, the rectangular cutout of the center
panel was bordered by stringer sectlons, that 1s, the skin
wvas cut out up to the stringers while at the sldes the cutout
was stiffened by sections of the same type as the stringers.

Beam No. 4 (figs. 10 and 10a) had a door cutout and dif-
fered from beam No. 1 in that over the entire center panel
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wvas placed a 3~-millimeter skin, to which was riveted a layer
of durealumin shaet pf 2-millimeter thickness and 915-milli-
meter height. ' The contour of the door cutout was stiffened
by a frame, the cross section of which is shown in figure 1llg.

Beam No, 6 (fig. 10b) likewise had a door cutout and dif-
fered from beam No. 4 in that the cross-sectisnal area of the
frame sbout the cutout (fig. 1lh) was doudbled. Moreover, the
Joints between the stralght and curved members were strength-
ened and the butt ende of the stringers were strengthened by
means of gussets attached to the intermediate ribds.

(b) Plane panels tested in compression.- Panel No. 1 had

no eutouts and consisted of duralumin elements, that 1s, skin,
stringers, and ribs. The over-all dimensions of the panels
were the following: 1length, 620 millimetsre and width, 6580
millimeters. The diestance between the sitringers was 140 mil-
limeters, between the ribs 560 millimeters. Xor the interme-
diate stringers bulb angle stiffeners, type 24HI-3 (fig. 11b)
wvere used, and for the outermost atringers and ridbs tyre
24HX-5 (fig. 11j) were uged. On the side of the smooth skin
along the sdges of the panel additional shortened stringers

of sectinn 24HX-5 were attached in order to provide local stiff-
ening of the parte of the panel weakened most by the cutout
wvhile in the case of the prnel without cutouts they were at-
tached to glve uniformity of construction, theredby enabling a
comparison of the test results.

Panel ¥o. 2 (fig. 13) differed from panel No. 1 in that
it had e symwetrically placed cutout of 460-millimeter dlam-
eter.

Panel Ho. 3 differed from panel No. 3 in that the contour
of the cutout was stiffened by a ring frame of U-section (f1g.
111). The construction of this type of cutout approaches the
cutout of the open pllot's cabin.

(c) Plane panels tented in tension.- The center parte of
panels Nos. 4 (fig. 14), 6, and 6 (fig. 15) were the same, re-
spectively, as those of psnels Nos. 1, 2, and 3. Thus, the
ranels tested in tension differed from the panels tested in
compresslon only in the lengthened ends for the loading of uni-
formly distributed foroces.

Test Procedure

(2) Bach beam was tested under a concentrated load at one
end.~ Along one side of the specimen, guides were mounted that
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permitted it to move only in 1ts plane. At the outermost ribs

. and epars the tensiometers were mounted in pairs on each side
in order to exclude the effec¢t of the bending on the reading
of the tenslometere. The deflections of the specimens were
measured by instruments placed at intervals of 300 millimeters
from each other and connected with the specimen by steel wires
(fig. 9a). The first reading was made under a load of 1 ton
and the following readings vwere made for each 800 kilograms,.
At failure of the beams only the maximum deflections were
measured. .

(b) Testing of the panels in compression.- The testing
of the paneles in compreseion was conducted on Amsler machinas
of 10 and 100 tons, The ends of the panels vere pressed
agalnst the planes of the machine. The tensliometers were
mounted on the skin, stringers, and stiffener frame along the
direction parallsel to the etringers. In order to exclude the
effect of the bending, during wave formation of the skin, on
the readings of the teneiometers the latter were mounted in
pairs; that is, on the two sides with a gage length of 10 mil-
limeters. At the outermost stringers and the frame around the
cutout the tensiometers were likewise mounted in pairs dut
with a gage length of 30 millimeters. The readings of the
tensiometers were made at l~ton load intervals.

(c) Testing of the panels in tension.- The specimens were

tested in tension by application of a lever system. The ten-
siometers were mounted in the same manner as for the compres-
sion tests but all with a gage length of 30 millimeters.
Moreover, additional rowe of tensiometers were mounted near
the ends.

ANALYSIS OF TRST RESULTS

(a) Results of Bending Tests on the Beams

Table 1 gives the fallure loads, the magnitude of the
maximum deflections, and the weight characteristics for the
beams tested in bending. The stress distridbution in the ele-
ments of beam No. 1 (without outouts) is shown on figure 16.
These stresses correspond to a load of 5000 kllograms and are
€iven on the figure in kilograms per square centimeter, the
c¢ircles and lines through them denoting respectively the loca~-
tlon and the direction of mounting of the tensiometers.
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Figure 17 shows the ratlios of the stresses in the ele-
ments of beam No. 3 to the streeses in the corresponding
elementes of beam No. 1. Analogously, on figures 18, 19, and
30 are gshown the corregsponding ratios of the stresses ian the
elements of beams Nos. 3, 4, and b to the stresses in the
corresponding elements of beam No. 1. The minus indiocates a
change in the sign of the stress.

As may be seen from figure 16, corresponding to beam
No. 1, the maximum stresses measured on the waves of the skin
were obtalined along the dlagonal of the beam. This may de
explained by the fact that the spars of the beam were not ab-
solutely stiff in bending in the plane of the ekin. TFor com-
pleteness of the plcture of the nonuniform behavior of the
skin in the beam, the test values of the stresses in the skin
along tha depth of the beam wall (fig. 3la) and along the
section perpendicular to the waves (fig. 231b) are given. Fig-
ure 2la gives the stresseos in the skin of beam No. 1 (fig. 186,
gection AB) and figure 21b givee the stresses in the skin un-
stiffened by stringers and cut into strips of 50-millimeter
width. (See reference 6.) Ae may be seaen from figures 2la
" and 21b, the law of distribution of the stresses in the skin
both in the case of stiffening by stringers and in the unstiff-
ened skin is -the same, that 1is, the mnaximum tenslle streseps
correspond to the center sections of the skin. The stresses
decreass toward the stringers.

Begark. For the points where the magnitude of the
‘stresees deviated from the general law of the stress distri-
bution, tensiometers were mounted a second time but the previ-
ous results were essentially confirmed. These deviations may
be explained by (1) small strains in certain panels of the
skin; (3) the waves of the skin encountering the stringers
and ribs change their shape and angle of ineclination somewhat
(fig. 10a).

It 18 seen on figure 17 that the stresses in the genter
panel of the skin have as a rule the maximum valunes. This
" may be explained by the fact that the stringers acting in
compression simultaneously with the skin relieve the skin load
to some extent near the stringers.

The stringers, ridbs, and lower spar, as may be seen from
the signs of the stresses (fig. 16) are under compression;
the upper spar and the skin are under tension. The start of
equilidrium breakdown of the skin was visually observed at a
load of 600 kilograms. The inclination of the waves in the
skin to the spars was approximately 38°. The failure of the
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specimen occurred under a load of 9600 Ekllograms as a result
.0f fallure of .the rivets at the place of attachment of two
sheets of the skin under the stringers.

Beam No. 2 (fig. 8) was initially tested only with two
cutouts up to a load of 5 tons and then a third cutout was
made and the specimen agalin tested. The results of the later
tests are indicated on figure 17 by primes. An increase in
the load above 5000 kilograms produced large deformations in
the frames around the cutouts. The cutout stiffenere the
sections of which are shown in flgure 11 buckled out, and at
the places wvhere the curved ard stralght members were Jolned
the rivets were sheared and the beam was ruptured at a load
of 6200 kilograms. It should be remarked that the third cut-
out stiffening, which consisted of stringers and rids, re-
ceived a slight deformation at fallure of the beam. The
effect of the cutouts on the stress dlstribution may be fol-
lowed from a comparison of the stress ratlios, indicated by
primes (section AB, fig. 17), with the values of the stress
ratios without primes ?of the sare section)., Thie comparison
shows that the presence of a cutout in the first panel (vari-
ant of beam test with three cutouts) gave an increase in the
stresses in the center panel, for example, of about three
times a2ag compared with case of no cutout in the firet panel
(variant of beam test with two cutouts). In the second and
third panels of the beam, shown on figure 17, the effect of
the cutouts was to a large extent eliminated by the use of a
etiffening strip of skin and light frames around the cutout.

From the teset on beam No. 2 it was found that the light
frames placed around the cuntout appeared as the weakest parts
of the beam. It is therefore necessary to reinforce the cut-
outes with stronger stiffener sections. The strength of beanm
Ko, 2, as may be seen from table 1, was 54.3 percent of that
of beam No. 1.

Beam No. & had two window cutouts similar to the cutouts
of beam No. 3 (figs. 9 and 9a). The strengthening of the
cutout stiffeners gave an increase in the failure load up to
800 to 8000 kilograms, which constitutes 83.4 percent of the
strength of the beam without cutouts, that ig, increased the
strength of the besam by 29.2 percent. The beam falled as a
result of the large deformations of the skin attached to the
stiffener. strip, the dbuckling of the stringer at the bound-
ary between the sheets of skin of different thicknesses and
the fallure of the rivets. The frame wes therefore no longer
the weakest part of the beam. Thus an increase in the stiff-
negs of the frame members around the ocutout, without
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essentlally affecting the stress diletridbution in the skin
(rigs. 17 and 18), considerably increased the strength of the
" structure. ' I -

Beam No. 4 had a door cutout (figs. 10 and 10a). At a
load of 4.5 tons the sections of the frame around the cutout
buckled. At a load of 6 tons the thickened skin began to
wvarp. In the panels not having cutouts deep waves were formed
(f1g. 10a). At a load of 7900 kilograms the frame strip
buckled, producing a fallure of the rivets which attached 1t
to the ribs. This led to the rupture of the beam. The
strength of beam No. 4 was 83.4 percent of that of beam No. 1.
In thias case, as in the case of beam No. 2, the frame around
the cutout was the weakest part of the structure.

In beam No. 5 the contour of the door cutout, simllar to
the cutout of beam No. 4, was stiffened by a frame the profile
cross section of which was doubdbled, and gussets were mounted
to stiffen the Joints of the stringers with the rids. At a
load of 8000 kilograms, that is, greater than the rupturing
load of beam No. 4, no deforrations in the panel with cutout
were observed visually. At & load of 8200 kilograms the skin
of the firet panel near the thickened part (etiffener strip)
sharply buckled. A load of 8600 kilograms produced the same
deformations as in the skln of the initial panel. At a load
of 8800 kilograms the beam falled as a result of the large
deformations of the skin Joined to ite stiffened part and %o
the fallure of the rivets. Thus the substitution of a stiffer
frame around the contour of the door cutout raised the over-
all strength by 10.1 percent, thereby raising the strength to
92.5 percent of that of the beam without cutouts.

The following relation in the behavior of the elemente of
the beam may bs noted here. In the initial ekin after loss of
equilibrium the depth of the waves increases with increase in
the load, and this may lead to one of two ways of beam fellure:

1. The frame around the cutout cannot ensure equilidrium
of the region with stiffener strip; so the loss of equilibrium
of the latter leads to final faillure either of the cutout
utiff;ner members or of their Joints (case of fallure of beam
No. 4).

2. The frame assures the stability of the reglon with
stiffener strip, The initial skin having lost 1ts stadility
and encountering resistance to thes spreading of the waves
from the 1nitial skin to the stiffener breaks down at the
place of a drop in the stiffness (case of fallure of beam KNo.
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6). The stresses in the parts of the initial skin attached

to the stiffener strip in this case rise, as may de seen from
the data on figures 20 and 19. The ratios of the stresses 1in
beam No. 6 to the stresses in beam No. 1 at the place where
the initial skin i1s attached to the stiffener strip are great-
er (fig. 20) than the corresponding magnitudes in dbeam No. 4
(fig. 19).

From what has been said above and a consideration of the
lave of stress distridution in the reglons of the cutouts and
the neighboring regions (figs.19 and 20), the following con-
clusions may be drawn:

l. When the frame around the cutout is not sufficiently
stiff, the etiffener strip of skin buckles in approximately
the same manner as the initial skin. Such a frame pute the
initial skin at the place of its attachment to the stiffener
strip under more favorable conditione but prematurely brings
about a fallure of the beam as a result of the large deforma-
tions of the cutout contour and these deformations bring
about the loss of equilibrium of the stiffened region.

3. A sufficiently stiff frame around the cutout prevents
the buckling of the stiffener strip but givems rise to a2 stress
concentration in the parts of the nonstiffened skin where it
ie attached to the stiffener strip, that is, where the stiff-
ness of the skin is different.

With the object of clarifying the effect of the stiffness
of the Junctions of the outermost rids with the spars (rigid-
ity of the frame -tructure), a test was conducted on a frame
wvhich was obtained by cutting out all elements adjoining the
spars and the outermost ribs. The deflection of the frame was
carried to the same valve at which the beam without cutouts
falled. This deflection was obtained at a load of 400 kilo-
grans. The effect of the frame rigldity of the structure thus
constituted about 4 percent.

(b) Results of Test on Panels in Compression

Three panels were tested in compression: one without
cutout, & second with an unstiffened cutout (fig. 13), and
th; third with a cutout stiffened by a ring-shape frame (fig.
13 L]

In figure 23 the stresses indicated correspond to a load
of 6000 kilograms. In panel No. 1 not bhaving any cutout the
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skin lost its equilibrium at a load of 7 tons., The panel
failed under a load of 18,900 kilograms as a result of the
bending of the stiffeners in two directions. The weakest
parts of the specimen were the sections adjoining the dutt
ends of the shortened stringers which were not stiffened with
horisontal stiffeners at the ends. At these places the ini-
tial stringers received a fracture. The stresses in the skiln,
ag may be seen from figure 33, were considerably less than in
the etringers.

In panel Fo. 2 the unstiffened contour of the cutout un-
der a load of 3 tones bent along & wvavy line. The start of the
loas of equilibrium of the skin was observed, however, at a
load of 1 ton. With increasing load the depth of the waves
of the skin and, in particular, along the coantpur of the cut-
out conslderably increased. At a load of 9800 kilograms the
panel failed. The outermost (initial) stiffeners bent some-
wvhat and at the ends of the shortened stringers received a
sharp fracture. The effect of the cutout on the stress dis-
tribution in the elements of penel Fo. 2 is shown in figure
23 by the ratios of the stresses in the elements of panel No.
2 to the stresses in the corresponding elements of pamnel No.
1.

Panel No. 3, that 1s, with a cutout stiffened by a ring
frame (fig. 13) falled at a load of 10,100 kilograms. The
start of the loss of equilibrium 1in the skln was observed at
a load of 2 tons. The weakest region of the panel was the
gsectlon at which the shortened stringers ended. The stiff-
ener frame of the cutout during failure of the panel showed
no deformations observable by the naked eye. On figure 24
are indicated the ratios of the stresses obtalned in panel
No. 3 to the stresses in panel No. 1. PFrom the data on fig-
ures 33 and 24 it 1e seen that all three middle stringers and
the skin between them very veakly assumed the load. The out-
ermost stringere, the adjacent parts of the skin, and the
frame of the cutout were strongly overloaded. The local
stiffeners in the form of shortened stringers strengthened the
minimal seoction of the panels after which the weakest sectlons
were found to be those to which the shortened stringers dild
not extend. Owing to the mounting of a frame around the ocut-
out, the part of the skin which was attached to the frame dld
not lose equilibrium as was the case with the panel with un-
stiffened cutout.

The breakdown loads of the panels with the unstiffened
and stiffened cutouts in percent of load in the pansl without
cutout were respectively 50.8 and 53.4.
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The presence of a frame increased the over-all strength

of the panel only by 3.6 percent; while the effect of a cutout .

in the given case was almost 50 percent. Such a lowering of
the mtrength of a panel with cutouts may be explained chilefly
by the 1nsufficlent oross-sectional area of the outermost
stiffeners. The cross-sectional area of the panel without
cutout was

Yeot = Fgg + Fge = 6.7 + 5.8 = 11.6 square centimeters

The crosa-seotional areas of the shortened stringers are not
taken into account, since they constituted only local stlffen-
ers at the sides of the cutouts. The croses-ssctional area of
the panel with stiffener cutout was

Ftot = Fagp + Far = 2.4 + 1.2 = 3.6 square. centimeters

that is, constituted 31.6 percent of the cross-~sectional area.
of the panel without cutout.

From what has been sald, it follows that the elimination
to any considerable extent of the effect of the cutout is pos-
slble only by mounting stronger stiffener sections-at the
sldes of the panel. The choice of section should be based on
the consideration that the minimum area of the panel croes
section should be equal aprroximately to the oroes-sectional
area of the panel without cutout.

(c) Results of the Tests on the FPanels in Tensilon

Three panels were tested in temsion: panel No. 4 without
cutout, No. 6 with an unstiffened cutout, and No, 6 with a
stiffened cutout.

At a load of 36 tons on panel Ho. 4 (fig. 14) several
rivets were sheared and the ends of the shortened stringers
stood noticeably away from the ekin. This may be explalned
by an eccentricity of the point of load application due to
the difference in thiockness of the skin and steel plates riv-
eted to the ends of the panel. At a load of 28 tons the
panel buckled simultaneously over the entire cross section.
The stresses in the elements of panel No. 4 are shown 1in
figure 285.
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In panel No. 6 (with unstiffened cutout) the intermediate
stringers and the skin betveen them weakly supported the ex-
ternal load, as may be seen from the ratios of the stresses
in the elements of panel No, 6 to the stresses in panel No. 4
(fig. 26). Panel No. 5 failed with buckling of the skin near
the unstiffened contour of the cutout at a load of 14.5 tons.

In panel No. 6 the stiffening of the cutout prevented
warping of the skin and somewhat increased the supporting
capacity of the center part of the panel. The fallure of the
panel occurred at a load of 16.2 tons., The effect of the
stiffened cutout on the redistridbution of the stresses 1s
shown in figure 27.

Panele 6§ and 6 had 61.7 and 54.3 percent, respectively,
of the atrength of panel No. 4, As 1n the case of the com-
pression tests the deciding factor was not the local stiffen-
ing in the form of shortened stringers or frames around the
cutouts but the increase in the cross-sectional area of the
outermost etiffeners since these must 1n the end take up the
external load.

CONGCLUSIONS

(a) Cutout at the Sides of a Stringer Monocoque Tuselage

On the basis of the preceding computations and test re-
gulte, 1t may be remarked that the weakening effect of cutouts
may to a large extent be eliminated by placing around the
cutout a skin strip (fig. 6) the thiockness and width of which
are choeen by formula (13). Noreover, i1t is necessary to put
around the cutout a frame having members possessing sufficient
stiffness to bending in the plane of the skin and normal to 1t.
The loade associated with the frame are determined by formulae
(17) and (18). The Joints of the frame members also should be
of sufficlent strength.

The most cholce of the stiffener elements of the cutout
may be considered that for which the cutout region is no
longer the weakest part of the side of the fuselage and the
local stress concentration in the skin near the stiffener
strip 1s not large. This condition may be attailned dy mount-
ing a stiff frame ocapadle of preventing loegs of equilibrium of
the stiffened region of the skin. Moreover, the thicknees of
the stiffener strip should be equal to or somewhat greater
than the thickness of the initial skin. Mounting
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a strip the thlokness of which considerably exceeds the thick-~
"negs of the initial skin is not recommended, because of the
sharp drop in the stiffness of the beam that may lower ite
strength.

If the fuselage has longerons extending to the outouts,
then in computing the longerons account should be taken of
the loads computed by formulas (7) and (8).

(b) Outouts in the Sides of
a Monocoque Fuselage without Stringers
The cutouts in the sides of a fuselage not having longl-
tudinal stiffeners must be stiffened by attaching around the
cutout a skin strip having thicknees and width chosen by
formula (13) and placing strong stiffeners around the cutout.
The horizontal members should extend to the second ribs.
NUMERICAL EXAMPLE OF A BEAM COMPUTATION
(a) Computation of a Beam without Cutouts
A numericel example of the computation applicable to

tested beam No. 1 of @ multipaneled beam constructed of varil-
ous materiale is given below.

Computation Data
External force . . . . . ¢« . . . . P = 5000 kg
Height of beam . . . . . . . . . . H = 1270 mm
Distance between etringers . . . . h = 150 mm
Length of beam . . . . . . . . . . L = 1730 mm
Distance between rids . . . ., . . | = 670 mm

Oross~sectional area of spar . . . Fgp = 10.3 om”

Oross-sectional area of a
outermost rids . . . . . . . . ¥y = 7.8 cm
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Cross-sectional area of 2
intermediate ribds . . . . . . . ¥F11 = 1.33 cm

Cross~sectional area of 2
stringer L ] L] L ] L] [ ] L] - [ ] . [ ] L ] rgt - 1.1 cm

Thicknees of skin . . . . . . . . 8 = 1 mm

Elastlicity modulus of spars

and end rids . . . . . . . . . Bgt = 2.1 x 10° kg/om®

Xlasticity modulus of walls,
intermediate ribs and stringers Bg,,. = 7.3 X 108

Compute the ordinate of the neutral axls of the effective
section of the beam (fig. 28). In the region of the beam un-
der tension 1%t will be assumed that B85 percent of the skin
takes part and in the regionm under compression strips having
a width 30 times the thickness adjacent to the stiffeners
(reference 6).

In order that 1t may be poseldble to assume in computing
the cross-sectional areas of the beam that all its elements
conslst of the same material - for example, of duralumin -
nultiply the cross-sectional areas of the steel elements by
the ratio of modull:

Egt 2.1 x 10°¢
=

ndur 7.2 X 105

In this case the ordinate of the center of gravity ac-
cording to the echeme of the beam (fig. 28) will be:
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. yc‘_

(o;425- 15.0,14 102 TW) 127 4~ (1,1 4-085-15-0,1) (108,56

+4-98,5--78,5 1 31,76) 1 (1,1 4-30-0,01) (31,75 +48,6 4335+ 18,6) _ oo .,

~ (0'425M+FLE¢_

Egt

ur®

);:+(Fm+0.85“) Gat+-Fot+ 72 +0550 +

Eq
.. 2Bp g 1 e +-48 (0854 4-303)

+ B +30%) OBF 450+ 7+50
25,52 +7ur +43(0,854-+30)

2,1-10*

2.10,2 %7-1,1+4-0,1 (0,85-154-30.0,1)

2,1.10°

2-10,2 F5ygs +7-1,1+4:0,1 (0,85-154-30-0,1)

Make use of the ocomputed value Yy, andthonntuti.onofﬂgm-oza-

to compute the wvalue of the moment of

seotion:

lef = <Flr Eilt +0-425"8)_V'1+(Fltr +0,85 48, X

or

X0 +3" + 33 +0,59%) + (Far +3089) (0,55
- E
vt vt )+ (Ep E&% + 15 5’) __Vs’=

7,2-10°
+(1,1-+0,85-15.0,1)(43,5* - 28,5 4
+4-13,5140,5-1,5%) + (1,1 4 30-0,01) (0,5 15* + 16,5

+3l,5’+46,5’)+( 10,2 208 +15-0,01>65';

=255 000 c#* = I gor

=< 10,2 2119 4 5 495.15.0,1 )62'+

If all elements of the beam are reduced to steel

Ly = lggr %:=87_500 cat

The statio moment is obtained as:

E,
Spes = (1;, F:t +o,425ks)y 1+ (Fitr +0,85 A8) (34

+y.+.v.);2090 cal.

fRortia of the effective beam
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Oompute the maximm tangential stress by formula (4):

By formula (5) compute the oritical tangemtial stress in the skin
of one panel:

o = 34 300 (l 10} %5,-) (%)' == 34300 (110+ 3-7—572— 15') (?—'51)'=176kgkn’

The value of k is determined by formula (3):
1 !

A= T 3aw |~

=1

Tor 176

The angle of inolination of the waves in the skin to the spars is
determined by the formula (reference 5):

1
) + Fe T uk
1 501 1037
= 2-14 1+03.0278  _ (787: o —38°
14 3701 __1—0273 ek y
1,53 14-0,3-0,273

The tensile stress is oomputed by formula (1):

Tt 2:410—176
1= "sin2s 0,97

The stresses in the spars, stringers and ribs are coaxputed respec-
tively by formulas (7), (8), (9), (10a), and (10) taking account of the
effeot of the moduli of the different materials of the warious parts of
the bean.

== 663 kg /om*

The tensile stross in the top spar is

Egar
Eqt

H—(H—hk,)
M ]
e =+ % — ) 3

5000-142 0,1
. = —87E00 62—(410—176)——-10’32 X
- 7,2-10%

127 — (127 — 22) .
X 5 S1-T07 ) 28 — 504 — 132 — 372 kg/om?
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" The compressive stress in the bottom spar is

E
H—(H—k) -EL“:’

M 2
°n5=_7,TJ51_(HG')E; 9 cga=
.=__5_%‘7"%ﬂ65—(410-—176) —:—"o:‘ﬁ-x
7.2.10%
127 —(127 — 22)
f-10° 98— 526 132 — — 658%g m®

The stress in the stringers:

M
=t T Y5 s clge—

_ 5000-142 16-0,1.7,2-10*

— 38 — 110 = — 72kg/en*

M AE
B =t W T

5000.31 16-0,1.7,2-10* _ .

=8,2—110= lmkg/m'-
The stress in an intermediate rib:

RE,
Oy =—(c — %) _’_.Ié‘_":'q..g—(no— 176) X

57-0,1-7.2-10° ..
X 15321 — 10 078 =—234 .
* - The stress in an outermost rib:

Eaq
L—(L—o-—“;‘:" "
Gro =—(1——'lcr) iF; 8tg¢+F; =

7,2-10%
173 — (173—57)
=@#10— 176)( — 7% 0107810501 ).__

= — 450 kg /om®

A comparison of the magnitude of the stresses obtained by compu-
tation and by experiment is given in table 2.
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TABLE 2
) _ Com- Experi-~
Nam- Place puted mental
“ber . of stress stress Remarks
Stress 2 2
(kg/em ) | (kg/om )
1 8kin, o, 663 637 Experimental mean
stress
2 Upper spar,
%4 sp 372 373
3 Lower spar,
O1lsp -658 -471
4 Stringer, -72 -60.4 Stresses in stringer
Ost -102 -106 of various panels
5 Intermediate Experimental mean
rid, Ony -234 -286 stress
6 End rib, :
Ore -450 -517

(p) Computation of Stiffening of a Cutout

The stiffening of one cutout in the secohd panel of beam No. 3
shown in figure 9 is computed below.

(13) The increase in the thickness of the skin is computed by formla
13):

o685  663-280-1

—_———————— i 0 .
5, b~ 663-340 8

§ =
The contour of the window cutout was stiffened by the angle pro-
files type 2UHX-3 (fig. 11b). The stress in the members parallel to
the stringers is determined by formula (17):
b

T—Top a,yd abd ct a] —
%=‘7r_—{ilﬂ,gkth—%ﬁd g ‘

410—176 40%.8,5-01 40-0,1
=3 (i o 18a7 08t 574 T

~374

The moment of inertia I, 1s composed of those for the skin
strip section of thickness § + 8' and the attached stiffener mem-
bers around the cutout and nearest to it, so that I; 1is computed
for an I-shape section:

+ 28-0,1 1,28> = 4294 or —69,2kg/em*
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spp | Rt (0—2)"
h=-715 2 -

" 0.15-17% | 1,1:225 ' '
=0.1?2173+ - = 184 cat.

The stresses in the stiffener frame members parellel to the ribs
are determined by formula (18):

T/ BB N ad _

Op == 9 \i 127, ctga -+ Foet +——er? tga )=
 410—176 ( 982.4.3-0,1 98.01  40-0,1 B
=— 7 \TT123 L8+ —35g T30 078 )=

= + 254 kg/sz oT — 17,5kg/cmz
I, 1is given by

6a3+f‘éf’(a-’2)2_ 0,15-640 , 1,1-6,8°

_— f— 4
=15 3 = B : ) =33,4 cmt .

I,

Translation by S. Reiss,
National Advisory Committee
for Aeronsutics-
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TABLE 1
Percent of
Beam Fail- weakening Weight Waight of Maximum
num- ure by cutout of duralumin def'lections
T
ber ype of beam load (reference beam - elements for P=
to P = of beam 5000 kg
(kg) 9600 kg) (kg) (kg) (m) .
1 |Without cutouts | 9600 - 45.3 10.8 8.11
2 | Three window
cutouts 6200 45.8 44,9 10.4 8472
3 | Two window _
- cutouts 8000 16.6 45.% 10.8 7.78
4 |Door cutout
stiffened by ' :
a light frame | 7900 17.6 46.3 11.8 8.12
5 1Door cutout
- stiffened by
- a strong ' ’
. frame 8800 8.5 46.6 12.1 7.18

TON RI VOVN

$60T
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Figure 1.— Section of a fuselage

with cut-out.
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Computation line of centers
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(b) Beam with flanged openings

Figure 2.- Ratio of stresses obtained in a beam with cut-
outs to the stresses in a beam without cut-outs.
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Figure 3.~ Sketch of test specimen and value of experimental

normal stresses in kg/cm2 obtained for the
specimen with cut-out at 0.264 H.
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Figure 4.— Dependence of the maximum normal stresses on the

depth of the cut-out, expressed as a fraction of
the total depth H of the beam shown in figure 3.
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Figure 5.~ Stress distributions in the panels of a thin-
walled beam at loss of equilibrium.
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Figure 6.- Stiffener strip around cut-out.
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Figure 7.~ View of beam no. 1 after failure,

Figure

Pfai1 = 9600 kg.

8.~ View of beam no. 3, Pfay1 = 5300 kg.
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Figure 9a.— View of beam no. 3 under load, with
tensiometers mounted.
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Figure 10.— View of beam no. 4
after failure and
gulde beams, Pfgi] = 7900 kg.

Figufe 10a.— View of
beam no. 4
under load

Figure 10b.— View of
beam no.
S5 under load, with
tensiometers mounted,
Pfrgi1 = 8800 kg.
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Figure 11.- Cross sections of stiffeners in tested beams
and panels.
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Figure 13.— View of panel Figure 13.— View of panel
no. 2 after failure, Prfgyi] no. 3 after failure, Pfgjil
= 9800 kg. = 10100 kg.

Figure 14.—
View of
panel no.

4 before
failure,
Pfail =
28000 kg.

Figure 15.-
View of
panel no.

8 before
feilure
with
tensiometers
mounted,
Pfail =
16200 kg.
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Figure 17.— Ratios of stresses in skin, stringers, spars and
ribs in beam 2 to the stresses in the correspond-
ing elements of beam 1.
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Figure 18.— Ratios of stresses in skin,. strihgers, spars and
' ribe of beam 3 to the stresses in the correspond-
ing elements of beam 1.
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Figure 19.— Ratios of stresses in skin, stringers, spars and

ribs of beam 4 to the stresses in the

ing elements of beam 1.
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Figure 20.— Ratios of stresses in skin, stringers, spars and
ribs of beam 5 %o the stresses in the correspond-

ing elements of beam 1. _ g
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Stresses in smooth skin
cut into strips

Figure 21.— Stress distribution (kg/cm®) in the skin
during loss of equilibrium.
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Figure 23.— Stresses (kg/cm2) in skin and stringers

of panel 1.
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Figure 33.- Ratlos of stresses

in skin and stringers
of panel 2 to the stresses in
the corresponding elements of
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Figure 24.— Ratios of stresses

in skin and stringers

of panel 3 to the stresses in
the corresponding elements of

panal 1. panel 1.
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Figure 35.— Stresses (kg/cm?) in the skin &nd stringers of

panel 4.
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Figure 26.— Ratios of the stresses in the skin and stringers
of panel 5 to the stresses in the corresponding
elements of panel 4.
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Figure 27.— Ratios of the stresses in the skin and stringers

of panel 6 to the stresses in the corresponding

elements of panel 4.
¥

P

Y2 f%

SN S RN R LA V- | L] 7]

Yo s |7 - Is Ga

75 | y-‘ i/7

Figure 238.— Bcheme of the geometric data for the computation
of the effective moment of inertia of the cross-
sections and the effective static moment in beam 1.
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